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Aims This study aims to determine the degree and mechanisms of endo-epicardial dissociation of electrical activity during
atrial fibrillation (AF) and endo-epicardial differences in atrial electrophysiology at different stages of atrial
remodelling.
Methods
and results
Simultaneous high-density endo-epicardial mapping of AF was performed on left atrial free walls of goats with acute
AF, after 3 weeks, and after 6 months of AF (all n ¼ 7). Endo-epicardial activation time differences and differences in
the direction of conduction vectors were calculated, endocardial and epicardial effective refractory periods (ERP)
were determined, and fractionation of electrograms was quantified. Histograms of endo-epicardial activation time
differences and differences in the direction of conduction vectors revealed two distinct populations, i.e. dissociated
and non-dissociated activity. Dyssynchronous activity (dissociated in time) increased from 17+ 7% during acute AF
to 39+ 17% after 3 weeks, and 68+13% after 6 months of AF. Dissociation was more pronounced in thicker parts
of the atrial wall (thick: 49.3+21.4%, thin: 42.2+19.0%, P, 0.05). At baseline, endocardial ERPs were longer when
compared with epicardial ERPs (DERP, 21.8+18 ms; P, 0.001). This difference was absent after 6 months of AF.
The percentage of fractionated electrograms during rapid pacing increased from 9.4+1.9% (baseline) to
18.6+0.6% (6 months).
Conclusion During AF, pronounced dissociation of electrical activity occurs between the epicardial layer and the endocardial
bundle network. The increase in dissociation is due to owing to progressive uncoupling between the epicardial
layer and the endocardial bundles and correlates with increasing stability and complexity of the AF substrate.
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1. Introduction
Atrial fibrillation (AF) is a progressive arrhythmia.1 Mechanisms
underlying the increasing duration of AF episodes and the loss of effi-
cacy of current therapeutic interventions over time have been subject
of extensive research.2–4 Shortening of refractoriness and wavelength
certainly contributes to, but cannot fully explain, increased AF
stability.4,5 Disruption of electrical side-to-side connections between
muscle bundles resulting in longitudinal dissociation of electrical
activity has been identified as a key element in the development of
a substrate of AF.6–8 Whether such dissociation of electrical activity
also occurs between the epicardial layer and the endocardial bundle
network and how this endo-epicardial electrical dissociation (EED)
develops during atrial remodelling is currently unknown. EED might
enlarge the functional surface area available for wavefront propagation
and has been proposed as prerequisite condition for transmural
conduction and ‘breakthrough’.9 Despite its potential role of EED
for AF stability, only very few studies investigated simultaneous
endo-epicardial activation patterns during AF.10,11 No data are cur-
rently available on the time course and the mechanisms of EED
owing to progressive electrical and structural remodelling of the atria.
Our aim was to examine EED as a potential mechanism leading to
increasing AF stability over time. We developed techniques for
quantification of EED during AF, tested the hypothesis that the
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increasing stability of AF correlates with the electrical dissociation
between the epicardial layer and the endocardial bundle network,
and investigated the mechanisms underlying EED.
2. Methods
2.1 Model
In this study, the goat model of persistent AF was used.5,8,12–14 Three
groups of goats were included (n ¼ 7 in each group). The group of
sham-operated animals (acute AF as aAF) received a right atrial endocar-
dial pacemaker lead (Medtronic Capsurefixw) 4 weeks prior to the open
chest mapping study. In the 3 weeks AF group (3wAF), the lead was con-
nected to a neurostimulator (Medtronic, Itrel1w). In the 6 months AF
group (6mAF), an additional right atrial endocardial lead connected to a
pacemaker (Medtronic Kappaw) was implanted to obtain atrial electro-
grams during in vivo cardioversion experiments. All animal procedures
conformed to the US National Institutes of Health guidelines and were
approved by the local ethical committee for animal experiments of
Maastricht University.
2.2 Study protocol
2.2.1 Maintenance of AF
After 2 weeks of recovery from pacemaker implantation, AF was artifi-
cially maintained by repetitive 50 Hz burst pacing at three times threshold
every other second. 3wAF goats were paced for 3 weeks. In the 6mAF
group, pacing was performed every other second for the first 14 weeks
followed by 1 s/min for the remaining 10 weeks. No pacing was per-
formed in the aAF group.
2.2.2 Cardioversion experiments
To document increasing AF stability, all 6mAF goats underwent pharma-
cological cardioversion experiments with flecainide (0.1 mg/kg/min, i.v.).
Endpoints were restoration of sinus rhythm (SR), ventricular arrhythmias,
QRS prolongation of .100%, and 90 min infusion time. Fibrillation pace-
makers were switched off at least 1 h prior to the cardioversion exper-
iments to assess the incidence of spontaneous cardioversion.
2.2.3 Open chest experiments
Animals were anaesthetized with sufentanyl (6 mg/kg/h), midazolam
(0.8 mg/kg/h), and pancuronium (0.3 mg/kg/h). After left-sided thoracot-
omy, a high-density endo-epicardial mapping device was positioned in
the left atrium. The device was carefully closed to make contact with
the endocardial bundle network and the epicardial surface. When satisfac-
tory signals were present (sharp deflections in the absence of injury cur-
rents), the distance between the endocardial and the epicardial part of the
device was fixed with a fixation screw (see Supplementary material online,
Figure S1). A silver plate in the thoracic cavity served as indifferent elec-
trode. Unipolar signals were recorded during AF and during atrial
pacing using a custom-made 256-channel mapping amplifier (filtering
bandwidth 0.1–400 Hz, sampling rate 1 kHz, A/D resolution 16 bits). In
16/21 experiments, the mapped area was marked at the end of the exper-
iment and photographed from the endocardial side to correlate the endo-
cardial bundle structure with the functional data recorded.
2.3 Histology
After rapid excision, the LA was separated from the heart and parts of the
LA were fixed in buffered 4% formaldehyde and embedded in paraffin for
histological evaluation. For this, tissue sections of 5 mm were fixed at
568C overnight, deparaffinized, and rehydrated. Fibrosis was quantified
on one to two sections per atrium (four to six fields per section). To
determine cardiomyocyte diameters and distances between the myocytes
(intermyocyte distance), LA sections were stained with haematoxylin &
eosin. The mean cell diameter of 30–35 transversely cut cells and
respective 40–50 shortest intermyocyte distance in all four directions
within one bundle were used for analysis in each goat as described
earlier.8
2.4 Analysis of fibrillation electrograms
Electrogram files recorded during AF (4s) were analysed using custom-
made analysis software. Local activation times were identified by
maximum negative dV/dt in each unipolar electrogram. Fibrillation maps
were automatically constructed and independently edited by two
researchers. Median AF cycle length (AFCL) was calculated using all fibril-
lation intervals of all electrodes. Conduction times were assessed by cal-
culating the difference in activation time between each electrode and its
neighbours. Conduction block was defined as conduction time between
adjacent electrodes .8 ms (.12 ms for oblique electrode pairs), corre-
sponding to a conduction velocity of ,20 cm/s, which is comparable to
the definition of conduction block commonly used.15,16 Apparent conduc-
tion velocity was determined by plane fitting through each activation time
point and all neighbouring activation times occurring within a time
window of 8 ms (.12 ms for oblique electrode pairs, maximum square
of 3 × 3 electrodes). The resulting plane then indicated local direction
(orientation of the plane) and velocity (reciprocal value of the steepness
of the plane) for each local activation point.
EED was quantified using three different methods:
(1) To obtain a simple measure of endo-epicardial dyssynchrony, endo-
epicardial activation time difference at each of the 90 pairs
of opposing electrodes was calculated. The percentage of all endo-
epicardial activation time differences above a threshold time differ-
ence was defined as ‘dyssynchronous’ and plotted as a function of
this threshold time difference. This method allowed for quantification
of endo-epicardial dyssynchrony independent from assumptions of
cut-off values for endo-epicardial conduction velocities.
(2) To account for dissociation owing to differences in either activation
time or direction of propagation, EED was calculated from histograms
of endo-epicardial differences in activation time or direction of local
conduction vectors. Two distinct populations of differences in acti-
vation times or direction of local conduction vectors representing dis-
sociated and non-dissociated activity were identified by fitting a
two-component Gaussian function (for activation time differences),
or a Gaussian/uniform mixture distribution (for differences in direc-
tion) to the histograms. The percentage of the area under the
curve formed by the dissociated component was referred to as
‘dissociation index’ (see Figure 1 for details).
(3) For quantification of spatial distribution of dissociation, the analysis of
activation time histograms or conduction direction difference histo-
grams could not be used because of the limited number of data
pairs at each individual electrode (between 30 and 50). Instead, all
data were analysed using dissociation thresholds derived from the
activation time difference and direction difference histograms. Two
times the standard deviation of the non-dissociated components
was taken as individual dissociation threshold, implying that 95%
of the non-dissociated activity met this criterion. Activity was con-
sidered dissociated if either the activation time difference or the con-
duction direction difference criterion revealed dissociation for all nine
closest opposing electrodes. For each electrode, the percentage of
dissociation during an episode of 4 s was calculated and colour-coded.
The resulting dissociation maps were then analysed for their local
entropy to determine the degree of randomness of the distribution
of dissociated and non-dissociated areas.17 To test for a correlation
between EED and the endocardial bundle network anatomy, bundle
structures were marked manually and dissociation was calculated sep-
arately for the areas containing endocardial bundles (thick regions)
and the spaces between the bundles (thin regions).
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To quantify the occurrence of breakthrough, all activation times sur-
rounded exclusively by identical or later activations—thus, representing
starting points of waves in the mapping area—were identified and classi-
fied as peripheral wave (if located at the border of the mapping area) or
breakthrough (if located within the mapping area). The incidence of break-
through was then calculated as the number of wave starting points located
within the mapping area per second.
2.5 Endo-epicardial dispersion of refractoriness
and electrogram fractionation
To test the hypothesis that EED is because of endo-epicardial dispersion
of refractoriness or electrical uncoupling between the epicardial layer and
the endocardial bundle network, the animals were cardioverted to SR by
internal DC shock with two 6 F defibrillation catheters (Elecath, Rahway,
NJ, USA) positioned in the coronary sinus and in the posterior right
atrium. Defibrillation was attempted with monophasic (5 ms) 5 J shock
(Lifepak 9B, Medtronic Physio-Control Corp., Redmond, WA, USA).
Energy was increased in steps of 5 J (maximum 20 J) until cardioversion
was successful. ERP as well as electrogram fractionation were measured
during atrial pacing. Local pacing threshold was determined separately
for the endocardial and the epicardial pacing site and bipolar pacing
(1.6 mm interelectrode distance) was performed from the centres of
the electrode arrays at 250 and 400 ms basic cycle length (CL) at four
times (current)-threshold. Only sites at which both the endocardial and
epicardial threshold was low (,2 mA) were used for analysis. The
longest S1–S2 interval (2 ms incremental steps) not resulting in a propa-
gated response was taken as local ERP. Epicardial electrogram fraction-
ation was determined during rapid pacing (CL ¼ 200 ms) from a pacing
site outside the mapping array. Atrial complexes showing two separate
deflections, with a minimum amplitude of 25% of the larger deflection
occurring within a time window of 2–15 ms were taken as ‘short
double potentials’.18 ‘Complex fractionated potentials’ were defined as
atrial complexes with three or more negative deflections.
2.6 Statistical analysis
All data are expressed as mean+ SD. Significance of differences in means
between aAF, 3wAF, and 6mAF groups was calculated using a one-way
analysis of variance with Newman–Keul’s post-test and a paired Student’s
t-test for significance of differences in means between the endocardial and
the epicardial layer in the same specimen. P values ,0.05 were con-
sidered significant.
3. Results
3.1 Cardioversion experiments
The cardioversion experiments in the 6mAF group documented
increasing AF stability over time. AF was persistent in all seven
goats undergoing cardioversion experiments after 2 weeks of AF. At
that time point, pharmacological cardioversion to SR was successful
in 6 out of 7 goats (85%). The success rate declined to 3/7 (43%)
after 6 weeks, 1/7 (14%) after 10 weeks, and 0/7 (0%) after 14
weeks. No animal that cardioverted successfully had failed to cardio-
vert at an earlier time point. Baseline AFCL did not differ significantly
between 2 and 14 weeks of AF (116+24 ms vs. 117+21 ms, ns).
Figure 1 Curve-fitting method to quantify EED. (A) Calculation of the shortest endo-epicardial activation time difference for each electrode pair. To
reduce the effect of spatial noise, the shortest activation time difference (normalized to the electrode distance) of the nine closest opposing electrodes
was used for analysis (framed blue area on lower plane of the cartoon on the left). In the resulting histograms, the x-axes depict activation time differ-
ences (milliseconds) and the y-axes depict the number of events. While the histogram of activation time differences during SR can be fitted with a
single-component Gaussian function, the histograms of activation time differences during AF are best-fitted with a two-component Gaussian mixture
distribution.26 This identifies two distinct populations representing non-dissociated activations (narrow component, small standard deviation, green)
and dissociated activations (broad component, large standard deviation, red). (B) Calculation of the direction difference of corresponding local endo-
cardial and epicardial conduction vectors (calculated based on the activation times of all neighbouring electrodes as dotted lines). Differences in direc-
tion can be fitted with a single-component Gaussian distribution during SR and a Gaussian/uniform mixture distribution with the Gaussian component
representing concordant endo-epicardial activations (green) and the uniform component representing discordant endo-epicardial activation (red)
during AF.
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3.2 Enhanced heterogeneity of conduction
in both the epicardial layer and the
endocardial bundle network
Table 1 summarizes the basic electrophysiological parameters of AF
found in the three groups of animals. During open chest experiments,
the mean AFCL was significantly longer in the aAF group when com-
pared with the 3wAF group (P, 0.01). No further shortening of the
AFCL was found in the 6mAF group. The median (P50) of normalized
phase differences (in milliseconds/millimetre) as well as the hetero-
geneity index (P95 2 P5)/P50) were significantly larger in the 6mAF
and the 3wAF group when compared with the aAF group (P,
0.05). Incidence of conduction block between neighbouring electro-
des was highest in the 6mAF and lowest in the aAF group (P,
0.05). There was a trend towards more conduction disturbances
endocardially, but no significant differences in AFCL, heterogeneity
indices, or incidence of conduction block between the epicardial
layer and the endocardial bundle network.
3.3 Endo-epicardial dissociation during AF
Figure 2 illustrates EED in a goat after 3 weeks of AF. For all goats, each
of the three different quantification methods of EED showed an
increase of dissociation with AF duration.
3.3.1 Dyssynchony of endo-epicardial activation
For any threshold of endo-epicardial activation time differences above
0 ms, the percentage of ‘dyssynchronous’ activation time differences
was highest in the 6mAF group and lowest in the aAF group
(Figure 3). Differences in dyssynchrony between groups were most
pronounced at a threshold activation time difference of 10 ms. At
this threshold value, the percentage of dyssynchronous activity was
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 1 Basic electrophysiological parameters
Acute 3 weeks 6 months
AFCL (ms) 141+15 121+10a 120+5a
P50 phase differences (ms/mm) 0.7+0.3 1.0+0.4
a 1.4+0.2a,b
P952 P5/P50 phase differences
Endocardial 9.9+3.4 14.6+4.7a 13.0+1.5a
Epicardial 7.4+2.4 10.7+3.2a 11.2+1.8a
Incidence of block (% of activations)
Endocardial 8.0+3.8 15.7+3.0a 17.4+4.7a,b
Epicardial 6.0+2.8 11.3+4.9a 16.4+2.9a,b
Significant electrical remodelling reflected by AFCL decrease (aAF vs. 3 weeks-AF),
increasing conduction times, heterogeneity index (P952 P5/P50 of conduction times),
and increased incidence of block.
aSignificant vs. aAF.
bSignificant vs. 3 weeks-AF.
Figure 2 Endo-epicardial isochronal map (3wAF) of two exactly corresponding areas of the epicardial and endocardial layer. Time between iso-
chrones 5 ms, early activations colour-coded in red, late in blue. Five corresponding electrogram tracings (epicardial A–E; endocardial a–e) are dis-
played on the right. A broad fibrillation wave enters the mapping area from the lower right corner, where it activates both the epicardial as well as the
endocardial layer. The electrograms b and c show two deflections between 50 and 100 ms (marked by ‘§’ and ‘*’). The deflections marked with ‘*’
represent a wave that enters the mapping area from the left and which exclusively propagates within the endocardial layer (blue wave in isochronal
map). The final deflections in the electrogram tracings represent the next wave, which again activates both layers of the atrial wall (not displayed in the
isochronal map, electrograms marked with #).
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50.3+ 10.4% in the 6mAF group, 30.8+10.3% in the 3wAF group,
and 15.7+4.4% in the aAF group (P, 0.01).
3.3.2 Histograms of endo-epicardial differences in activation
time and direction of local conduction vectors
The histograms of activation time differences and differences in the
direction of conduction vectors showed two distinct components
with different behaviour. Calculations of histograms after artificial
shift of endocardial against epicardial activation times suggest that
the narrow component reflects a temporal or directional relation
between electrical activity in the epicardial layer and the endocardial
bundle network (i.e. non-dissociated electrical activity). The wide or
uniform components reflect lack of such an inter-relation suggesting
that epicardial layer and endocardial bundle network are activated
independently (see Supplementary material online for further details).
Figure 4 shows histograms of activation time differences (panel A)
and histograms of differences in the direction of propagation (panel
B) for all 21 goats. During acute AF, the index of EED was 17+7%
based on the activation time difference criterion and 17+10%
based on the direction difference criterion. In the 3wAF group, the
dissociation index increased significantly to 39+ 17% (time criterion)
and 53+ 18% (direction criterion) (P, 0.05 compared with aAF).
After 6 months of AF, as much as 68+ 13% (time criterion) and
72+ 14% (direction criterion) of the electrical activity was disso-
ciated between the epicardial layer and the endocardial bundle
network (P, 0.05 compared with aAF and 3wAF).
Interestingly, mean endo-epicardial activation time difference was
close to 0 ms and not different in all three groups (aAF: 0.87+
3.04 ms, 3wAF: 20.82+4.71 ms, 6mAF: 20.14+ 1.23 ms, ns),
arguing against preferential conduction from the epicardial layer to
the endocardial bundles network or vice versa.
3.3.3 Spatial distribution of dissociation
Spatial analysis revealed that the degree of dissociation was not uni-
formly distributed over the mapping area but that there were areas
with higher and lower degrees of EED (Figure 5, upper and left
lower panel). To test for randomness, we calculated the entropy
value for spatial distribution of dissociation (1 ¼ random distribution,
0 ¼ no randomness). There was no difference in entropy between
groups (aAF: 0.63+0.15, 3wAF: 0.54+0.09, 6mAF: 0.55+0.12, all
n ¼ 7, ns).
In 16/21 experiments, we compared the dissociation map with the
underlying endocardial bundle structure (Figure 5, lower right panel).
On average for all groups, EED was higher in thick areas of the atrial
wall (thick: 49.3+21.4%, thin: 42.2+19.0%, n ¼ 16, P, 0.05). The
difference was similar in the aAF group (thick: 29.7+ 10.8%, thin:
23.7+11.1%, n ¼ 7, P, 0.01) compared with the 6mAF group
(thick: 67.8+ 12.5%, thin: 59.0+11.4%, n ¼ 7, P, 0.01). Endo-
epicardial electrode distance decreased from 3.0+0.4 mm in the
aAF group to 2.5+ 0.3 mm in the 6mAF group, reflecting moderate
thinning of the dilated atria during 6 months of AF (P, 0.05).
3.4 Incidence of breakthrough
The proportion of wave starting points located within the mapping
area increased significantly from 0.8+ 0.6/s in the aAF group to
6.2+3.1/s in the 3wAF group and 13.6+5.3/s in the 6mAF group
(P, 0.001). Both epicardial and endocardial breakthroughs were
included in the analysis.
3.5 Endo-epicardial dispersion
of refractoriness and fractionation
of atrial electrograms
All animals in persistent AF (3wAF and 6mAF group) could be suc-
cessfully cardioverted by internal DC shock. No apparent differences
for pacing thresholds were noticed between the endo- and epicar-
dium. Endocardial ERPs were significantly longer when compared
with the corresponding epicardial ERPs at both 250 and 400 ms in
the aAF group. After 6 months of AF, there was no more statistical
significant difference between the epicardial and the endocardial
ERPs (Table 2).
Importantly, both the incidence of short double potentials and the
fractionation intervals were larger after 3 weeks of AF when com-
pared with aAF and further increased after 6 months of AF
(Figure 6 and Table 2). Complex-fractionated electrograms (three or
more deflections) were observed only in 6mAF goats. Of note, one
of the epicardial deflections coincided (Dt, 2 ms) with the endocar-
dial deflection in 87% of all short double potentials.
3.6 Histology
In the 6mAF group, myocyte diameters were significantly larger than
in the 3wAF group and the aAF group (10.9+ 0.6 mm aAF, 13.6+
1.0 mm 3wAF, 17.0+1.6 mm 6mAF, P, 0.05 6mAF vs. 3wAF and
aAF). Intermyocyte distances as a measure of extracellular matrix
were larger in the 6mAF group (6.8+1.6 mm) than in the 3wAF
group (2.3+ 0.3 mm, P, 0.05) and the aAF group (1.8+ 0.2 mm,
P, 0.05). No significant differences were found for these parameters
between the aAF and the 3wAF group (see Supplementary material
online, Figure S3 for examples).
4. Discussion
Local heterogeneities in conduction and conduction block owing to
increasing electrical uncoupling between muscle bundles have been
Figure 3 Percentage dyssynchronous activity as a function of the
endo-epicardial activation time difference threshold. Y-axis: Percen-
tage of activation time differences above various threshold activation
time differences. X-axis: Activation time difference thresholds in
milliseconds. *P, 0.01 vs. 3wAF and aAF.
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suggested to contribute to increasing complexity and stability of AF
over time. Dissociation of electrical activity between the epicardial
layer and the endocardial bundle network has been postulated and
was seen as a prerequisite for epicardial breakthrough events,9,15,19
which more frequently occur in complex substrates for AF.20
However, data directly addressing the existence of EED are
sparse,10,11,19 and its development during structural remodelling has
not been studied so far. Our study confirms the existence of electrical
dissociation between the epicardial layer and the endocardial bundle
network during AF. EED was reflected both by dyssynchronous acti-
vation of the epicardial layer and the endocardial bundle network and
by differences in the direction of propagation. We demonstrate that
during the development of a substrate of AF, the complexity of con-
duction patterns is associated with a pronounced increase in EED.
Importantly, this process still continues after electrical remodelling
has occurred. EED is not randomly distributed but more prono-
unced in thicker regions of the atrial wall. The main mechanism result-
ing in EED during AF is not related to transmural dispersion of
refractoriness but to progressive electrical uncoupling between the
epicardial layer and the endocardial bundle network.
4.1 Comparison with previous studies
Schuessler et al.10 were the first to directly demonstrate endo-
epicardial dyssynchrony of activation during acetylcholine-induced
AF in canine right atria. They demonstrated that during acute AF,
endo-epicardial activation time differences became larger, particularly
in thicker areas of the atrial wall and in areas with several layers with
different bundle orientations. Our study extends these findings to
changes occurring as a consequence of AF-induced structural remo-
delling and an analysis of EED based on differences in propagation
direction. We confirmed that in the left atrium, EED is more pro-
nounced in thicker parts of the atrium than in thinner parts.
However, with increasing duration of AF, the thickness of the atrial
wall declined while EED significantly increased. This suggests a more
important role of AF-induced structural remodelling than of the
absolute thickness of the atrial wall for the occurrence of EED.14
Figure 4 (A) Endo-epicardial activation time difference histograms of all 21 individual goats. X-axes depict activation time differences between cor-
responding endo-epicardial electrode pairs in milliseconds, y-axes depict number of events (normalized to allow comparison of groups). Red-fitted
lines represent the curves resulting from the two-component Gaussian mixture distribution. The relative contribution of the dissociated component
(low peak, wide SD) increases with AF duration (upper to lower row). (B) Endo-epicardial difference in directions of local conduction vector histo-
grams of all 21 individual goats. X-axes depict difference in direction (2180 to +180 degrees); y-axes depict number of events (normalized to allow
comparison of groups). Red-fitted lines represent the curves resulting from the Gaussian/uniform mixture distribution. The relative contribution of the
dissociated component (uniform distribution) increases with AF duration.
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Epicardial mapping studies in patients with persistent AF have
demonstrated that the incidence of epicardial breakthrough, i.e.
transmural conduction of a wavefront from the opposing side of
the atrial wall, increases with increasing duration of AF and increas-
ing complexity of the conduction pattern.7,20 The present study sup-
ports this finding and offers an explanation for the increased
incidence of epicardial breakthroughs. It demonstrates that during
the development of the substrate for AF, electrical dissociation
between the endocardial bundle network and the epicardial layer
progressively increases and because of this, fibrillatory conduction
gradually becomes more a three-dimensional process. As EED is
the prerequisite condition for breakthroughs to occur, enhanced
EED might underlie the high incidence of breakthrough in a
complex substrate for AF.
Recently, Everett et al.11 compared virtual endocardial electro-
grams (Ensitew) with epicardial direct contact electrograms in four
different canine models (congestive heart failure, mitral regurgitation,
rapid atrial pacing, and methylcholine-induced AF). Their analysis
focused on differences in electrogram morphology and revealed the
largest endo- to epicardial differences in the rapid atrial pacing
model. Dominant frequencies of electrical activation were lower in
the endocardium than in the epicardium. However, the study by
Everett et al. did not show whether the endo-epicardial differences
in electrogram morphology, recorded with two different techniques,
indeed resulted in differences in activation times and propagation
direction of fibrillation wavefronts. In our study, direct contact uni-
polar electrograms were used for analysis of activation times on
both sides of the atrial wall using a tool with precisely aligned elec-
trode pairs. Our measurements did not show different activation
rates in the endocardium vs. epicardium, but a comparable AFCL in
both layers of the atrial wall. The electrophysiological changes in
the rapid atrial pacing group of Everett et al. and the 3 weeks persist-
ent AF group of the present study are likely to be comparable. In both
Figure 5 Upper panel: Dissociation maps of all 21 goats indicating spatial distribution of dissociation in each individual goat. Blue colour indicates
little to no dissociation, red colour indicates pronounced dissociation. Colour changes toward yellow and red indicate that dissociation increases with
AF duration. Inhomogeneous patterns of spatial distribution of dissociation within individual maps are apparent, indicating an influence of underlying
atrial structure on the degree of dissociation. Lower left: Individual dissociation map of a goat after 6 months AF. Lower right: Corresponding endo-
cardial bundle structure.
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Table 2 Electrogram fractionation and endo-epicardial
ERP differences
Acute 3 weeks 6 months
DERP (endo-epicardial, ms) 21.8+18 17.3+8a 3.7+16a,b
Fractionated electrograms (%) 9.4+1.9 12.8+2.7a 18.6+0.6a,b
Separation interval (ms) 4.8+0.5 6.1+0.5a 9.4+0.6a,b
Endocardial ERPs were longer when compared with epicardial only at baseline (P,
0.001), but not after 6 months AF. Fractionation and separation interval during rapid
atrial pacing increased significantly with AF duration.
aSignificant vs. aAF.
bSignificant vs. 3 weeks-AF.
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models, significant endo-epicardial dissociation of electrical activity
occurs. In models of structural remodelling of the atria, however,
like for example congestive heart failure or mitral valve regurgitation,
macro-reentry often underlies AF. In the study by Everett et al., indeed
a lower incidence of conduction block and less electrical dissociation
was observed in the mitral valve regurgitation model and the heart
failure model compared with the RAP model. This might explain
why in these models only little dissociation between the epicardial
and endocardial layers was observed. In contrast, in goats with 6
months of AF, the combination of electrical remodelling and signifi-
cant extracellular matrix alterations might underlie the pronounced
electrical dissociation within and between the endo- and epicardial
layer of the atrial wall.
4.2 Potential mechanisms leading
to endo-epicardial dissociation
Structural changes in the atria and gap junction remodelling during the
course of AF have been extensively studied in our model.13,14,21–23
Van der Velden et al.23 demonstrated a heterogeneous reduction in
Cx40 (but not Cx43) over a time course of several months. After
9–23 weeks of AF, Ausma described that up to 92% of myocytes
showed marked ultrastructural changes and a marked increase in
myocyte size by 195%.13 In this study, extracellular matrix fraction
per myocyte was significantly increased both in right and in left atria
after 4 months of AF. In the present study, histological analysis con-
firmed significant myocyte hypertrophy and—more importantly—a
pronounced increase in intermyocyte distances owing to enhanced
extracellular matrix formation. Spach and Dolber6 have shown that
in ageing atria, this pattern of interstitial fibrosis may lead to disruption
of electrical side-to-side connections, impaired conduction, and the
occurrence of fractionated electrograms. In our study, we hypothesize
that electrical side-to-side connections are not only disrupted within
the epicardial layer but also between the epicardial layer and the
endocardial bundle network. To support this hypothesis, we demon-
strated enhanced fractionation of electrograms in broad wavefronts
during atrial pacing with increasing duration of AF. One of the epicar-
dial deflections coincided with a local endocardial deflection in most
cases, suggesting that fractionation was owing to a slight dyssynchrony
in the activation of the epicardial layer and the endocardial bundle
network. Enhanced electrogram fractionation owing to EED was
associated with longer AF duration and increasing local heterogeneity,
suggesting that it contributes to the complexity of the substrate and
the stability of the arrhythmia.
We also addressed the question whether endo-epicardial dis-
persion of refractoriness might have contributed to EED during AF.
Indeed, we found that at baseline, endocardial ERPs were longer
than epicardial ERPs (Table 2). The transmural dispersion of refractori-
ness was smaller in the 3wAF group and after 6 months no
endo-epicardial dispersion of refractoriness was detectable
anymore. Wang et al.24 studied endo- and epicardial action potential
durations in superfused atrial tissue of guinea pigs. These authors
demonstrated longer action potential durations in the endocardial
than the epicardial layer presumably owing to larger transient
outward currents (Ito) in the epicardium. Downregulation of Ito
during AF25 might have contributed to the reduction of transmural
ERP dispersion in the atria of animals in the 3wAF and the 6mAF
groups. Regardless, the underlying mechanism of the endo-epicardial
dispersion of refractoriness at baseline, we conclude that
endo-epicardial differences in refractoriness do not play a role in
the enhancement of EED with increasing duration of AF.
4.3 Contribution of endo-epicardial
dissociation to the AF substrate
EED could lead to increased AF stability by different mechanisms.
First, it increases the functional area available for wavefront propa-
gation. EED thereby enables the coexistence of more wavelets. Sec-
ondly, EED forms the prerequisite for transmural conduction. The
more the epicardial layer and the endocardial bundle network are
activated out of phase, the more likely a fibrillation wave will encoun-
ter excitable tissue on the other side of the atrial wall and transmu-
rally propagate from the endocardial bundle network to the
epicardial layer or vice versa. Each breakthrough might then
develop into an independent fibrillation wave contributing to the
fibrillation process. In this sense, breakthroughs represent additional
reentry points for reactivation of areas that just regained excitability.
4.4 Potential limitations
The mapping tool was designed for endo-epicardial mapping of the
left atrial free wall in a heart exposed by left-sided thoracotomy.
Whether our findings are applicable for other atrial regions, with
different bundle anatomy, warrants further investigation.
4.5 Conclusions
AF stability progressively increases with AF duration even after elec-
trical remodelling has occurred. During the first 6 months, increasing
AF stability is associated with an increase in EED. Not endo-epicardial
dispersion of refractoriness, but progressive electrical uncoupling
between the epicardial layer and the endocardial bundle network is
the underlying mechanism. EED leads to AF stabilization by providing
more functional surface for fibrillation wavelets to coexist and rep-
resents a prerequisite condition for transmural conduction with reac-
tivation of atrial myocardium in the opposing layer of the atrial wall.
The mechanisms described are likely to contribute to the progressive
stability of AF over time by increasing the complexity of three dimen-
sional fibrillation patterns.
Figure 6 Left: Examples of epicardial short double potentials
during rapid atrial pacing. In each example, one of the two epicardial
deflections after the pacing artefact coincides with an endocardial
activation and represents a farfield signal (dotted lines). Right:
Time interval between first and second deflection was determined
and taken as fractionation interval (between dotted lines). EGs,
Electrograms.
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